Abstract-Autonomous systems are increasingly used to provide situational awareness and long-term environment monitoring. Photovoltaics (PV) are favored as a long-endurance power source for many of these applications. To date, the use of PV is limited to space and terrestrial (dry-land) installations. The need for a persistent power source also exists for underwater (UW) systems, which currently rely on surface PV arrays or batteries. In this paper, we demonstrate that high-bandgap-InGaP solar cells can provide useful power UW.
I. INTRODUCTION
T HE use and scope of underwater (UW) autonomous systems and sensor platforms is severely limited by the lack of long-endurance power sources. To date, these systems rely on shore power, batteries, or photovoltaic (PV) power supplied by an above-water platform. Attempts to use photovoltaics UW have had limited success, primarily due to the lack of penetrating sunlight and the use of cells optimized for the terrestrial spectrum. In this paper, we demonstrate that useful power is obtained at a depth of 9.1 m using high-bandgap InGaP solar cells, expanding on results first presented at the 38th IEEE Photovoltaic Specialists Conference and its conference proceedings [1] . Therein, we provide details on performance modeling, water properties, and a quantitative comparison of InGaP and silicon solar cells used in this paper.
II. SOLAR ILLUMINATION UNDERWATER
Although water readily absorbs sunlight, a useful spectral pass band exists between 450 and 700 nm for depths up to 20 m. Fig. 1 illustrates a calculated solar transmission spectrum through seawater. The transmission of the AM1.5G spectrum is shown as a function of depth for a representative marine water condition. The absorption coefficients between 350 and 700 nm Manuscript received March 7, 2013 used in the calculation are meant to approximate an ocean water quality known as "Jerlov-III" water type, typical in littoral ocean environments [2] , [3] . Absorption coefficients beyond 700 nm are taken from [4] . Note that below a depth of 2 m, nearly all light of wavelength greater than 700 nm is absorbed, and at 20 m depth all wavelengths longer than 600 nm are absorbed. Fig. 2 shows the available power versus depth for the filtered spectra of Fig. 1 . At a depth of 11.5 m, the power density is ∼5.0 mW/cm 2 . Although this is considerably lower than at the surface, it is certainly within the useful range for power generation. In fact, NASA's Juno mission to Jupiter uses solar cells in conditions where the solar intensity is 4% of AM0 (∼5.4 mW/cm 2 ) [5] . The technical challenge is to develop a solar cell that efficiently converts these UW photons to electricity.
A. Cell Selection
Although the absolute intensity of solar radiation is lower UW, the spectral content is narrow and thus lends itself to high conversion efficiency if a solar cell is well matched to the wavelength range [6] . This is the same principle used in the highest efficiency multijunction (MJ) cells [7] .
In MJ cells, a high-bandgap cell such as InGaP absorbs the "blue" portion of the spectrum and the remaining light is transmitted and then absorbed by lower cells with decreasing bandgap.
Previous attempts to operate solar cells UW have focused on crystalline silicon solar cells and, more recently, amorphous silicon cells [8] , [9] . In this paper, we investigate the performance of InGaP single-junction cells with a bandgap of ∼1.75 eV. The InGaP cells for this paper were grown n-on-p, on single-crystal GaAs substrates by Emcore Corporation. High-quality InGaP cells are well suited for UW operation due to both their high quantum efficiency between 400 and 600 nm and their intrinsically low dark current, which is critical for high efficiency in low-light conditions.
For this paper, we compare the performance of a high quality single-crystal silicon solar cell to an InGaP single-junction cell. Fig. 3 shows the external quantum efficiency (EQE) of the silicon cell compared with the InGaP cell.
The silicon cell outperforms InGaP, exhibiting higher overall EQE as well as covering a much wider spectral band.
As mentioned earlier, however, below 2-m depth, the spectrum is almost entirely shorter than 700-nm wavelength. In the largest portion of the transmission band of water (between 400 and 600 nm), the EQE of InGaP is only 10% lower than that of the silicon cell.
To predict the performance of the cells UW, we use the EQE of the two cell types and convolve them with the irradiance spectrum of AM1.5G, ASTM G173-03, as transmitted through the representative water type of Fig. 1 at a depth of 5 m, yielding an estimated current density for the two cells. In the laboratory, we illuminate each cell to the calculated current and measure the I-V curves. Fig. 4 shows the current density versus voltage (J-V) curves for the two cells. The InGaP cell exhibits an 11% lower short-circuit current than the silicon solar cell, but a factor of 2.4 times the operating voltage, yielding a factor of 2.3 times more power than the silicon solar cell.
III. FIELD EXPERIMENT DESIGN
To verify the solar cell performance UW, we built a test payload to fit inside a commercial deep-water glass spherical housing. Mounted inside the sphere were two large-area solar cells, one single-crystal silicon, and one InGaP, each with fourwire connections. We characterized the UW environment using a pressure sensor to monitor depth, a spectrometer to measure the filtered solar spectrum, bubble levels to gauge payload orientation, and a temperature sensor. Four-wire cell connections and an Ethernet connection to the spectrometer were routed out of the sphere to the surface. On a nearby pier, two computers logged the spectrometer data and we recorded I-V curves with a Keithley source meter.
The solar cells are marked in Fig. 5 . The spectrometer input optic is the small white disk centered between the two solar cells. The remaining sensors are attached to the metal frame outside the sphere. The yellow plastic "shell," which holds the sphere, limited the field of view on the edge closest to the cells to about 60
• in one axis. Although not ideal, this was enough to capture the solar directbeam, which had an incident angle of ∼45
• at the water's surface and a nominal refracted angle UW of ∼32
• off zenith to the solar cells.
The payload was positively buoyant and tethered to an anchor on the bottom. The tether passed through a ring so that the payload could be raised and lowered from a nearby pier. A matching spectrometer and a global radiometer characterized the input power at the water's surface. Fig. 6 shows a schematic of the experimental setup.
We recorded test data on November 18, 2011, in Key West, Florida, USA, at a pier maintained by the NOAA Florida Keys Marine Sanctuary. We first lowered the payload to a depth of 1 m, where a swimmer leveled it according to attached bubble levels, using small weights along the frame. We then recorded I-V and spectral data at depths between 2.9 and 9.1 m. Weather conditions were intermittent clouds and a slight breeze. The water surface was calm but not smooth. Despite these mild conditions, the illumination level varied considerably at depths shallower than 3 m, making it difficult to record I-V curves. This was due to distortion of the direct-beam radiation by the water/air interface, causing intermittent focusing and defocusing of sunlight on the solar cells. During overcast skies, with no direct-beam component, we noted that the I-V curves were steady.
IV. WATER QUALITY MEASUREMENTS
Much as the weather has a profound effect on solar insolation reaching a terrestrial solar cell, the transmission properties of water will greatly affect underwater photovoltaic performance. There is a great body of literature on the optical properties of seawater, and the conditions at any particular time are as likely to be different as the weather on a given day. Nevertheless, it is instructive to measure the water's transmission of light for our particular set of measurements, to understand how the ambient conditions we observed compare with previous measurements and to what one might expect in other parts of the world. We characterized the water by measuring the global spectral irradiance at the surface, and calculated the transmission UW by its ratio with a second spectrometer located UW. The data were all taken near solar noon with an incident angle of 45
• from normal to the cell plane. We determined the precise angle to the water with computational services provided by the US Naval Observatory, using geographical location and local time as inputs to the calculation [10]. We corrected for differences between the two spectral irradiance meters at a later date by measuring the offsets and signal magnitude of the two spectrometers, while they were simultaneously acquiring spectra outdoors. Fig. 7 shows the solar irradiance transmission spectra at various depths on November 18, 2011, in Key West Harbor, Florida, USA.
We modeled the attenuation properties of the water with these transmission data. All of the attenuation mechanisms associated with the Earth's atmosphere (molecular absorption, Mie and Rayleigh scattering) are at work in water, as well as absorption by suspended organic matter and scattering and reflectance off the water-air interface. The aggregate effect of all these mechanisms fits a classic exponential law absorption model
where I (D ,1) = solar irradiance at water depth, D and wavelength, λ, Io = solar irradiance at the surface, and "a(λ)" is the wavelength-dependent absorption coefficient (in this case, the downward irradiance attenuation coefficient). Using the spectroscopic data versus depth, we fit for the attenuation coefficient in (1) . We corrected the path length of transmitted light for off-normal solar illumination using Snell's Law of refraction [11] at the water-air interface. This is a simplification since the solar direct-beam nominally contains only about 85% of the total solar radiation. Fig. 8 shows the fit for 551-nm wavelength transmission data against (1) .
Most wavelengths show a similarly good fit when the attenuated signal was > 10% of the solar input signal strength. Fig. 9 shows the calculated absorption coefficients between 350 and 700 nm. These data agree well with other coastal water measurements [12] .
V. SOLAR CELL MEASUREMENTS
The output power density versus depth for the InGaP and silicon cells, normalized to an input power at the water surface of 100 mW/cm 2 , is shown in Fig. 10 . 1 The data for Fig. 10 are 1 Results first published in [1] .
measured values from the I-V curves. We estimate the Standard Deviation in these data to be between 11% and 15%. The uncertainty depended on depth. The uncertainty is driven by the changing illumination caused by the water surface and measurement artifacts related to correlating solar irradiance measurements to the exact moment when the maximum power point was measured. The water temperature was 25
• C throughout the test. At the surface, these cells produced nearly the same amount of power, with the silicon slightly outperforming the InGaP. At all measured water depths, however, the InGaP cell outperformed the silicon by a factor between 2 and 3. This is primarily due to the decreasing red portion of the spectrum generating current in the silicon cells, but also to a decrease in the operating voltage of the silicon cell at low intensity. At 9.1 m, the silicon cell operating voltage dropped 28% compared with the surface measurement, whereas the InGaP cell exhibited only a 10% drop. At the maximum depth of 9.1 m, the InGaP output was 0.7 mW/cm 2 , or 7 W/m 2 of solar cells. This is a sufficient amount of power to sustain sensor systems using modern electronics.
VI. SYSTEM CONSIDERATIONS
Operating an UW PV system involves challenges, but the aqueous environment also presents certain advantages, e.g., generally lower operating temperatures and smaller temperature fluctuations compared with terrestrial systems. InGaP cells are well matched to solar spectral transmission UW, as well as exhibit specific electronic properties which are advantageous, such as good fill factor over a wide range of short-circuit current (I sc ). For example, we measured only an 11% change in maximum power voltage over a 3300% change in I sc for the InGaP cells. These features, combined with the fact that temperature is relatively constant UW, allow for simplified peak-power tracking by using a fixed-voltage set point for the maximum power.
In addition to the large variability of sunlight intensity and spectral content UW, nonuniform illumination on individual solar cells due to roughness of the water-air interface may limit the power extracted from series-connected cells. At shallow depths, this effect is very prominent. During the test at Key West, we observed a standard deviation in the short-circuit current of a cell of 11%-14% held at a fixed depth of 2.9 m. The fluctuations observed were not entirely random, and exhibited a dominant frequency component on the order of 1.2 Hz. Fig. 11 illustrates the surface effect on an I-V curve acquired with approximately 100 ms between data points. In deeper water, scattering tends to smooth the current fluctuations. At the maximum depth tested of 9.1 m, for example, the deviation in I sc decreased to 2%.
VII. DISCUSSION
The experiment results reported here demonstrate there is useful solar power to harvest UW to depths of at least 9.1 m. The filtered spectrum of the sun UW is biased toward the blue/green portion of the spectrum, and thus, higher bandgap cells, such as InGaP, perform much better than conventional silicon cells. This attempt to field solar cells at a significant depth UW revealed many complexities for an UW solar power system. In addition Fig. 11 . Effect of water surface roughness on the I-V curve at 2.7-meters depth. Data points were taken ∼ 100 ms apart.
to the many variables of a terrestrial application, the water itself has a wide and varying range of transmission characteristics. The air-water interface will scatter the direct-beam component at shallow depths, creating nonuniform illumination across an array. Sun angle will have a greater effect on the power available due to the strong absorption of water. For example, with the sun angle at 45
• , the refracted angle to the panel is 32
• ; at 9-meters depth the effective path length through the water is 10.6 m and the (available) power is correspondingly reduced by ∼25%. Predicting the performance of an UW solar panel for a specific marine environment a priori will be challenging, but we believe this initial test demonstrates that there is potential for UW PV power systems.
